Abstract. The present study demonstrated the acquisition of additional malignant characteristics in irradiated mouse fibrosarcoma cells compared with the parent cells. Several reporter assays indicated that hypoxia-inducible factor (HIF)-1α, activator protein-1 and Ets-dependent transcription were activated in irradiated cells. The cis-elements in the 5'-untranslated region (UTR) of these transcription factors plays a major role in their expression in surviving irradiated cancer cells. By contrast, there were no evident differences between the 3'-UTR-dependent repression demonstrated by parent cells and irradiated cells. A small population of parental fibrosarcoma cells was also found to exhibit the same enhanced 5'-UTR-dependent HIF-1α expression as that demonstrated by irradiated cells. These observations may indicate that high-dose X-ray irradiation affects the majority of proliferating cancer cells, but not the cancer stem cells (CSCs), and an increased CSC population may explain the progressive phenotypes of the irradiated cells. It appears likely that the transcription factors that maintain stemness are regulated by the same 5'-UTR-dependent mechanism.
Introduction
Numerous studies have reported that the repopulation of malignant cells, such as through radiation-induced cancer progression, limits the effectiveness of radiation therapy (1-5).
Malaise et al (6) first revealed that the regrowth of irradiated transplantable mouse fibrosarcoma cells was faster compared with the regrowth of non-irradiated cells. Withers et al (4) performed a retrospective analysis and concluded that the repopulation of squamous cell carcinoma of the head and neck accelerated following a lag period of ~4 weeks subsequent to the initiation of radiotherapy. One possible interpretation of this study is that the protracted treatment schedule may permit a constant rate of repopulation throughout the administration of conventional fractionated radiotherapy. However, the molecular basis of the repopulation phenomenon remains unclear.
Over the previous decade, accumulated data have demonstrated that the 5' and 3'-untranslated regions (UTRs) play important roles in the expression of several genes, particularly in the post-transcriptional state (7) (8) (9) . A previous study has demonstrated the reciprocal regulation of hypoxia-inducible factor (HIF)-1α expression in a 5'-and 3'-UTR-dependent fashion (10) . This previous observation also suggested a possible correlation between UTR-dependent regulation of HIF-1α and cancer malignancy.
The present study aimed to demonstrate the enhanced expression of several transcription factors involved in cancer stem cell maintenance through a 5'-UTR-dependent mechanism in irradiated mouse fibrosarcoma cells.
Materials and methods

Plasmids and reagents.
Luciferase reporter plasmids (PathDetect pAP-1and PathDetect p53) were purchased from Agilent Technologies (Santa Clara, CA, USA). Hypoxia responsible elements, Ets binding sequences and 536 bp (1457-1992 bp) of the human matrix metalloproteinase 1 (MMP1) enhancer sequence (GenBank ID, AY769434.1) were cloned into a pGL3 basic vector (Promega, Madison, WI, USA). Full length HIF-1α, which consisted of 294 bp of the 5'-UTR, 2,481 bp of the coding region and 1,195 bp of the 3'-UTR of HIF-1α, was cloned into the pcDNA3 vector (Invitrogen, Carlsbad, CA, USA) and designated as pcDNA HIF-5C3. pcDNA HIF-5C lacked the 3'-UTR of HIF-1α and pcDNA HIF-C3 lacked the 5'-UTR of HIF-1α. pcDNA HIF-C contained only the coding region for HIF-1α (10 Cell culture and cell cloning. The transplantable fibrosarcoma QRsP cell line, which was established by the present authors and is described elsewhere (11, 12) and NIH3T3 cells (RCB0150: Riken, Tsukuba, Japan), was cultured with Dulbecco's modified Eagle's medium (DMEM) containing 8% fetal bovine serum (FBS). In total, 1x10 6 QRsP cells were irradiated at a dose of 10 Gy using a LINAC system (Toshiba, Tokyo, Japan). Trypsinized QRsP cells were seeded onto 10 cm dishes 1 h subsequent to irradiation and cultured for 14 days. Well-demarcated colonies were trypsinized using a cloning cylinder and grown in DMEM for 14 days. Subsequently, 6 independent cell lines were established and classified as QRsPIR-1 to QRsPIR-6. The parental QRsP cells and the QRsPIR-1 and QRsPIR-2 cell lines were implanted subcutaneously into the dorsal area of 6-week-old female c57bl/6 mice (CLEA Japan, Inc., Tokyo, Japan). The cells were recovered from the tumor mass of each animal 28 days subsequent to implantation and designated as QRsPV, QRsPV-IR1 and QRsPV-IR2. All cells were stored at -80˚C for additional analysis. In order to mimic hypoxic conditions, the cells were exposed to 200 µM CoCl 2 diluted in DMEM, for 16 h. The animal experiments were strictly compliant with the animal care guidelines of Hokkaido University (Sapporo, Hokkaido, Japan).
Colony assay. QRsPV cells were transfected with pcDNA HIF-5C, and 24 h later, 1x10 6 cells were irradiated at a dose of 4, 8 or 10 Gy using the LINAC system (Toshiba, Tokyo, Japan). In total, 1x10 6 trypsinized cells were seeded onto 60-mm culture dishes 1 h subsequent to irradiation, and 1x10 4 non-irradiated cells that had been transfected with the pcDNA3 vector were also seeded onto 60-mm culture dishes to obtain the plating efficiency. The plating efficiency was calculated as the percentage of cells seeded that grow into colonies under G418 selection conditions. The cells were cultured for 2 weeks with DMEM containing G418 at a final concentration of 1 mg/ml, followed by methanol fixation and Giemsa staining (2% Giemsa's solution: Merck-Millipore, Darmstadt, Germany).
Histopathological examination. Semi-confluent QRsPV or QRsPV-IR2 cells were trypsinized and resuspended with phosphate-buffered saline (PBS). In total, 1x10 4 PBS-suspended cells were injected subcutaneously into the dorsal region of 6-week-old female c57bl/6 mice, with 3 mice per group. On day 28, all animals were sacrificed and the tumor masses were dissected. The tumor tissues were fixed in 10% formaldehyde, with occasional de-calcification, and then embedded in paraffin, according to routine pathological procedure. The specimens were sliced into 5-µm thick sections and stained with hematoxylin and eosin.
Western blotting. The cells were lysed in a buffer containing 250 mM NaCl, 50 mM HEPES (pH 7.0) and 0.1% Nonidet P-40 with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The samples were then subjected to western blotting using anti-human HIF-1α mouse monoclonal antibody was purchased from BD Biosciences (Cat no. 610959, Sparks, MD, USA) and anti-Von Hippel-Lindau (VHL) monoclonal antibody was purchased from Santa Cruz Biotechnology (Cat no. sc-17780, Dallas, TX, USA). Both primary antibodies were used at dilutions of 1:1,000. Horseradish Peroxidase conjugated donkey anti-mouse secondary antibody was purchased from Jackson Immunoresearch (West Grove, PA, USA) and was used at dilutions of 1:2,000. Amersham ECL reagents were purchased from GE Healthcare Bio-Sciences (Pittsburgh, PA, USA).
Reporter assay. The QRsPV cells were plated at a density of 1x10 5 cells per well in 24-well plates on the day prior to transfection. The cells were transiently transfected with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) containing 75 ng of luciferase reporters and 7.5 ng of pGL4.72 luciferase reporter vector (Promega) and 300 ng of a series of HIF-1α expression plasmids ( Fig. 2A) . The cell lysates were subjected to luciferase assays using a dual-luciferase reporter assay system (Promega) 24 h subsequent to transfection, according to the manufacturer's instructions.
Statistical analysis. Statistical differences were analyzed using Student's t-test. P≤0.05 was considered to indicate a statistically significant difference.
Results
Cloning of repopulated cancer cells. Accumulated data have suggested that accelerated repopulation of irradiated cancer cells occurs 3 weeks subsequent to irradiation (4, 5) . To analyze this phenomenon, irradiated or non-irradiated QRsP cells were injected into the dorsal region of c57bl/6 mice. After 28 days, the tumor masses were collected for tissue culture and designated as QRsPV, QRsPV-IR1 and QRsPV-IR2 tumors. The cells were re-inoculated into mice, with 3 mice each in the QRsPV, QRsPV-IR1 and QRsPV-IR2 groups, for 28 days. During the incubation period, 1 out of 3 animals inoculated with QRsPV-IR2 cells demonstrated severe leg paralysis. As indicated in Fig. 1A , the QRsPV-IR2 cells demonstrated an infiltrative morphology, whereas QRsPV cells revealed well-demarcated expansive growth, without evident infiltration. Therefore, the QRsPV-IR2 cells were utilized as a model for an irradiated progressed cell line in subsequent experiments. In the following experiment, several reporter constructs, consisting of HIF-1α, p53, AP-1 and Ets consensus sequence-containing luciferase reporters, were introduced into QRsPV and QRsPV-IR2 cells. In the QRsPV-IR2 cells, HIF-1α, AP-1 and Ets-dependent endogenous transcriptional reactions were significantly increased (P= 0.00036, P=0.027 and P=0.017, respectively) compared with the QRsPV cells, whereas p53-dependent transcription was severely decreased (P=0.017) (Fig. 1B) .
HIF-1α expression was activated in irradiated cells.
To confirm the 5'-and 3'-UTR dependent expression regulation in the QRsPV cells, HIF-1α plasmids ( Fig. 2A; HIF5C3 , 5C, C and C3) were transfected and cell lysates underwent western blot analysis. As indicated in Fig. 2B , cells transfected with HIF-5C3 and HIF-5C expressed an increased amount of HIF-1α protein compared with HIF-C. Low expression of HIF-1α was demonstrated in QRsPV cells (Fig. 2B) . In the subsequent experiment, QRsPV and QRsPV-IR2 cells were transfected with several HIF-1α plasmids combined with an HRE luciferase reporter and a Renilla luciferase plasmid. Accelerated 5'-UTR-dependent translation of HIF-1α is evident in irradiated QRsPV-IR2 cells (Fig. 2C) . Increased HIF-1α expression was observed in QRsPV-IR2 cells transfected with HIF-5C compared with the cells transfected with HIF-C (P=0.025). The difference in HIF-1α expression was not significant between the HIF-5C-transfected and HIF-C-transfected QRsPV cells (P= 0.065). These observations encouraged the investigation of the accumulation of HIF-1α under hypoxia-mimicking conditions in QRsPV and QRsP-IR2 cells. As demonstrated in Fig. 2D, >2 fold HIF-1α-dependent luciferase activity was detected in QRsPV-IR2 cells under hypoxia-mimicking conditions, which was a significant difference (P=0.025).
Enhanced AP-1 and Ets-associated gene expression in irradiated cells. Since activated AP-1 and Ets-dependent transcription was observed in QRsPV-IR2 cells, the UTR-dependent expressional regulation of c-fos and Ets2 was investigated. As described in Fig. 3A , the two mRNA sequences contained relatively long 5'-and 3'-UTRs. Typical AU-rich (ARE) elements were identified in the two mRNA sequences, with 3 AREs in c-fos and 4 AREs in Ets2 (Fig. 3A) . The two plasmids were transfected together with a MMP1-luciferase reporter, as AP-1 and Ets binding sites are available on this construct, and a Renilla plasmid into the QRsPV and QRsPV-IR2 cells. Fig. 3A reveals the significantly enhanced luciferase activity associated with c-fos (P= 0.002) and Ets2 (P= 0.038) expression in QRsPV-IR2 cells compared with QRsPV cells. These observations prompted the confirmation of whether the 3'-UTR-dependent repressive system is activated in irradiated cells. Several 3'-UTR sequences were cloned downstream of luciferase sequences in pmir GLO vectors (Fig. 3B) . All constructs were introduced into NIH3T3 negative control, QRsPV and QRsPV-IR2 cells. As indicated in Fig. 3B , there was a significant repressive effect via HIF1α 3'UTR in NIH3T3 (P=0.03), but not in QRsPV (P=0.14) and QRsP-IR2 cells (P= 0.10). These results indicate that 3'-UTR-dependent regulatory machinery may not be involved in the enhanced gene expression in irradiated cells.
Selective effect of X-ray irradiation.
Since cancer tissues consist of a heterogeneous cell population (13, 14) , the majority of which are proliferating cancer cells and CSCs, it is possible that the high-dose X-ray irradiation affects only the proliferating cancer cells under the present experimental conditions. Therefore, certain components of the QRsP parent cell population, in particular the CSC-like population of QRsP cells, should exhibit enhanced 5'-UTR dependent HIF-1α expression, as observed in QRsPV-IR2 cells. To address this issue, 24 independent single-cell-derived QRsPV cells, designated A through X, were cloned and reporter assays were performed. 
A B C
As indicated in Fig. 4A , 2 out of the 24 clones (A and M1) exhibited similar luciferase activity to that exhibited by the QRsPV-IR2 cells. It should be noted that there was no evident difference between the endogenous expression levels of VHL in these cell lines (Fig. 4B) . These results encouraged the investigation of whether the cells expressing high HIF-1α levels were capable of surviving the lethal damage of ionizing irradiation. Colony assays were performed using QRsPV cells transfected with HIF-1α or a control vector. The transfected cells were irradiated at a dose of 4, 8 or 10 Gy, followed by selection for 10 days in G418 and Giemsa staining. As indicated in Fig. 4C , HIF-1α-transfected cells revealed a radio-resistant phenotype compared with the control at radiation doses of 4, 8 and 10 Gy (P= 0.046, P=0.025 and P=0.044, respectively). The mean size of colonies consisting of HIF-1α-transfected cells was increased compared with control transfectants (data not shown). It is likely that the total number of cells surviving irradiation, rather than the colony number, was increased by HIF-1α overexpression.
Discussion
CSCs are considered to be responsible for the onset, self-renewal, mutation accumulation and metastasis of tumors. CSCs may exist as dormant cells within the primary tumor mass (13,14) , but they may transition between a dormant state and an actively proliferating state due to genotoxic damage caused by ionizing irradiation or chemotherapeutic treatment. If the genotoxic damage kills the majority of proliferating cancer cells, but not the CSCs, over the prolonged course of therapy, the CSCs may be activated and the percentage of CSCs in the residual tumor mass may be increased. The existence of a large number of CSCs in the primary lesion may explain the high frequency of relapse, distant metastasis and resistance to cancer therapy. These concepts demonstrate an extremely good fit for the conventional repopulation theory.
Previously, the reciprocal regulation of HIF-1α by 5'-and 3'-UTR-dependent mechanisms and the possible correlation between 5' UTR-dependent translational regulation of HIF-1α and tumor malignancies have been reported (10) . In the present study, the cells that survived radiation, the QRsPV-IR2 cells, demonstrated a more aggressive phenotype compared with the non-irradiated QRsPV cells. The 5'-UTR-dependent translational activity of HIF-1α was markedly increased in the QRsPVIR-2 cells, even under a normoxic environment. Increased endogenous HIF-1α expression in the QRsPV-IR2 cells was also identified under hypoxia-mimicking conditions. Overall, these results suggest that the QRsPV-IR2 cells that survived radiation may express larger levels of HIF-1α, Ets2 and c-fos proteins and may exhibit a more aggressive phenotype compared with the parental cell line. It was also notable that a repression of p53 dependent transcriptional activity was observed in QRsPV-IR2 cells. Previous studies have reported the (15) (16) (17) . By contrast, p53 has been regarded as the barrier to CSC formation (15, 18, 19) . It is likely that the expression pattern found in QRsPV-IR2 cells is suitable for maintaining CSC-like phenotypes.
It was also found in the present study that parental QRsPV cells contained a small population that exhibited the same phenotype as radiation-resistant CSC-like QRsPV-IR2 cells. Notably, exogenous expression of HIF-1α was sufficient to activate the resistant phenotype of QRsPV cells against high-dose X-ray irradiation. These observations prompted the hypothesis that 10-Gy irradiation is lethal for the majority of proliferating QRsPV cells, but not for CSC-like QRsPV cells expressing an increased level of HIF-1α. It appears likely that the QRsPV-IR2 tumors contained a larger number of CSCs. Whole genomic sequencing using next generation sequencing techniques is required to eliminate the possibility that X-irradiation induced the genomic mutations or genomic modification of cancer cells under the present experimental conditions.
A large number of transcription factors may contribute to the maintenance of the stemness of CSCs (15) (16) (17) . It appears possible that several transcription factors that are involved in CSC maintenance, are regulated by the same mechanism in an UTR-dependent manner. If these CSC maintenance genes are regulated simultaneously by the same molecular mechanism, such a novel pathway may be a promising future target for the suppression of CSCs.
